Background: Amrubicin chemotherapy is a treatment option for patients with non-small cell lung cancer (NSCLC) after third-line treatment in Japan. Although topoisomerase-II (Topo-II), a target of amrubicin, has been reported to be a prognostic or predictive marker for chemosensitivity and clinical outcomes in various types of malignancies, its effects in the Japanese population remain unknown. Methods: Data regarding 44 patients with advanced NSCLC treated with amrubicin between April 2004 and May 2014 were retrospectively analyzed. We evaluated the expression levels of Topo-II by immunohistochemical staining of tumor specimens obtained via biopsy or surgical resection. Results: The majority of enrolled patients were men (68%) with a median age of 67 (range, 43-78) years. The most common histological type was adenocarcinoma (70%). High Topo-II expression was observed in 13 (30%) of the 44 patients. The median progression-free survival and overall survival (OS) durations were 1.8 and 8.8 months, respectively. While there was no significant association between Topo-II expression and progression-free survival, patients with low Topo-II expression had significantly longer OS than did those with high Topo-II expression. Good performance status and low expression of Topo-II were all significantly associated with a favorable OS. Conclusion: Low expression of Topo-II was identified as an independent prognostic factor for longer survival in patients with NSCLC receiving amrubicin, a Topo-II inhibitor.
Introduction
Lung cancer is the most common cancer worldwide, death from which accounted for 27% of all cancer-related deaths in 2016. 1 Non-small cell lung cancer (NSCLC) accounts for 85% of all primary lung cancers. 1 Most patients with advanced NSCLC experience disease relapse and require subsequent therapies. Docetaxel, pemetrexed, gemcitabine, ramucirumab plus docetaxel, nivolumab, pembrolizumab, or atezolizumab is recommended by the National Comprehensive Cancer Network guidelines as subsequent chemotherapy for patients with advanced NSCLC. 2 Amrubicin hydrochloride (completely synthetic 9-aminoanthracycline) is converted to its active metabolite (amrubicinol) through the reduction of a C-13 ketone group to a hydroxyl group by carbonyl reductase. 3 Amrubicin and amrubicinol are inhibitors of DNA topoisomerase-II (Topo-II) and exert cytotoxic effects by stabilizing a Topo-II-mediated cleavable complex rather than acting as DNA intercalators. Amrubicinol is 5-100-fold more active than amrubicin. 4 Amrubicin has been approved for the treatment of small cell lung cancer (SCLC) and NSCLC in Japan, 5 and is a treatment option for patients with advanced NSCLC after third-line treatment. The response rates have been shown to be more than 75% and approximately 20% among patients with SCLC and NSCLC, respectively, in previous phase II studies of 45 mg/m 2 amrubicin as first-line treatment. 5, 6 We reported a phase II study of amrubicin administered at 35 mg/m 2 for three consecutive days to patients with previously treated lung cancer. Dose reduction resulted in a comparable response with fewer adverse events. 7 To assess the efficacy of amrubicin in previously treated NSCLC, randomized, open-label, phase III trials for amrubicin and docetaxel were conducted recently in Japan. The median progression-free survival (PFS) durations of the amrubicin and docetaxel groups were 3.6 and 3.0 months, respectively; the overall survival (OS) durations were 14.6 and 13.5 months, respectively; and the overall response rates were 14.4% and 19.6%, respectively. 8 Although amrubicin did not significantly improve the PFS, which was the primary endpoint compared with that reported with docetaxel, it appears to be a suitable regimen for patients with recurrent advanced NSCLC.
Topoisomerase II alpha (Topo-IIα) is a nuclear enzyme that is upregulated in proliferating cells. It catalyzes the ATP-dependent breakage and rejoining of double-stranded DNA and serves as the molecular target of Topo-II inhibitors including etoposide. 9 Topo-II, a target of anthracycline drugs, has been reported as a prognostic or predictive marker for chemosensitivity and clinical outcomes in various types of malignancies. [10] [11] [12] [13] However, the relationship between Topo-II expression and response to amrubicin remains unclear. In our previous study, SCLC patients with a high expression of Topo-II receiving amrubicin had significantly longer PFS and OS than did those with a low expression of Topo-II. 14 Patients with refractory relapse showed significantly higher Topo-II expression levels than did those with sensitive relapse. 14 Against these backgrounds, we conducted a clinicopathological study to investigate the relationship between Topo-II expression and amrubicin efficacy in patients with previously treated advanced NSCLC.
Ki-67 is mainly expressed during the active phase of the cell cycle, such as G1, S, G2, and mitosis. 15, 16 A high expression of Ki-67, a cellular proliferation marker, has been shown to be correlated with prognosis in malignant tumors. 15, 16 A review of the prognostic and predictive value of Ki-67 labeling index in NSCLC showed that though it has some prognostic influence, there was no consensus in this regard according to disease stage and histology. 17 In an in vitro study, the expression levels of Topo-IIα were found to be closely related to tumor cell proliferation and aggression. 18, 19 The relationship of expression of Topo-II and Ki-67 has also been reported in malignant tumors. [20] [21] [22] Against these backgrounds, we conducted a clinicopathological study to investigate the relationship between Topo-II expression and amrubicin efficacy, and Topo-II expression and Ki-67 in patients with previously treated advanced NSCLC.
Methods

Patient eligibility
We screened 63 patients with advanced and previously treated NSCLC who had received amrubicin between April 2004 and May 2014 at two Japanese institutions (Shibukawa Medical Center and Gunma University Hospital). A total of 19 patients were excluded because they had received amrubicin as part of a doublet chemotherapy Thoracic Cancer 11 (2020) 426-435 (n = 14), had insufficient specimens (n = 4), or had only cytological diagnosis (n = 1). Thus, the data of 44 patients were retrospectively analyzed in this study ( Figure S1 ). The patients received 30-35 mg/m 2 of amrubicin on days one, two, and three every three to four weeks which was continued until disease progression, the appearance of intolerable toxicity, or withdrawal of consent. Epidermal growth factor receptor (EGFR) mutations were examined using the peptide nucleic acid-locked nucleic acid polymerase chain reaction clamp method.
Data collection
We retrospectively collected clinical data including those regarding histological type, antitumor effects, and survival from patients' medical records. Radiographic tumor responses were evaluated according to the Response Evaluation Criteria In Solid Tumors, version 1.1. PFS was calculated from the initiation of amrubicin treatment to the date of disease progression or death from any cause. OS was recorded from the start of amrubicin treatment until death or censoring on the date of the last follow-up consultation. This study was conducted in compliance with the tenets of the Declaration of Helsinki. The study protocol was approved by the institutional review boards of Gunma 
Immunohistochemical staining
We evaluated the expression levels of Topo-II by immunohistochemical staining of archival tumor specimens obtained via surgical resection (17 samples, 39%) and biopsy (27 samples, 61%) before first-line chemotherapy. Immunohistochemical staining was performed as previously described 23 using anti-Topo-II, an affinity purified rabbit polyclonal antibody (ab180393; Abcam, Cambridge, UK; 1:100 dilution). Cells with stained nuclei were defined as having tested positive for Topo-II. The proportion of Topo-II-positive cells was assessed by a semi-quantitative scoring method in which samples were assigned a score based on the proportion of positively-stained cells: 1, <10%; 2, 10% to <25%; 3, 25% to <50%; 4, 50% to <75%; and 5, ≥75%. According to previous study, Scores of 1-4 were considered to indicate low expression, while a score of five was considered indicative of high expression. 14 Immunohistochemical staining for Ki-67 was performed as described previously 24 using a murine monoclonal antibody against Ki-67 (Dako, Glostrup, Denmark; 1:40 dilution). A highly cellular area of the immunostained section was assessed to evaluate Ki-67 staining. Staining of the nuclei of epithelial cells at any level was defined as indicative of high expression. Approximately 1000 nuclei were counted on each slide. The Ki-67 labeling index was defined as the proportion of Ki-67-stained nuclei, which was considered to reflect proliferative activity. In a review that investigated the prognostic value of Ki-67 in NSCLC, cutoff levels were defined as ranging from 5% to 30% of Ki-67 expressing cells. 25 In another study, the commonly used cutoff values in NSCLC and other human cancers ranged from 20%-40%. 22 The median labeling index of Ki-67 in our data was 20% (range, 0-91). Therefore, in reference to cutoff values used in this study, high expression was defined as a labeling index of 20% or higher. Sections were evaluated via light microscopy by at least two investigators who were blinded to the sample data. Both investigators evaluated the slides at the same time until a consensus was reached. Both investigators were not informed of patient outcomes.
Statistical analysis
The correlations between immunohistochemical expression and clinicopathological characteristics were assessed using Fisher's exact test. The correlation between different variables was analyzed using the nonparametric Spearman's rank test. Survival curves were generated using the Kaplan-Meier method, and differences in survival were compared using the log-rank test. Multivariate analyses were performed using the Cox proportional hazards model to assess the independence of Topo-II expression. The statistical analyses were performed using Graphpad Prism version 6 (GraphPad Software, La Jolla, CA, USA) and EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan). 26 Analyses items with P < 0.05 were considered statistically significant.
Results
Patient characteristics according to Topo-II expression
A total of 44 patients were included in the analyses, 40 of whom died. The median follow-up time was 269 (range, 7-2092) days. The patients' characteristics are shown in Table 1 . The histological types consisted of adenocarcinoma (70.5%), squamous cell carcinoma (22.7%), large cell carcinoma (4.5%), and pleomorphic carcinoma (2.3%). Nine patients had EGFR mutations. EGFR mutation status was not evaluated in 15 patients.
The median number of cycles of amrubicin was two (range, 1-12) and associated adverse events are shown in Table S1 . After amrubicin chemotherapy, 36 patients (82%) received other chemotherapy agents. The median number of follow-up therapeutic regimens was 2 (range, 0-6 regimens). The chemotherapy regimens administered after amrubicin are shown in Table S2 . S-1 was the most commonly administered agent. A total of 27 patients with low Topo-II expression received post-chemotherapy treatment after amrubicin.
Immunohistochemical findings Fig 1 shows the immunohistochemical staining of Topo-II predominantly in the nuclei of tumor cells with no cytoplasmic staining. A total of 30% of specimens (13/44) showed high expression, and the average score for Topo-II was 4.0 AE 1.2. Scores of one, two, three, four, and five were observed in 18% (8/44), 6% (3/44), 16% (7/44), 30% (13/44), and 30% (13/44) of patients, respectively. Table 2 summarizes the patients' characteristics according to the level of Topo-II expression. The median age was used as the cutoff point for age. Good performance status was defined as a performance status of 0 which was considered as the cutoff point for performance status. Smokers were defined as all smokers, and non-smokers were defined as participants who had never smoked. The proportion of tumors with high Ki-67 labeling index was 52% (23/44), and the median Ki-67 labeling index was 20 (range, 0-91). There was no significant difference in the Ki-67 labeling index between patients with EGFR mutation and wild-type with low and high expression of Topo-II (P = 0.69) ( Figure S2a ). Similarly, no significant difference in the Ki-67 labeling index was observed between patients with low and high expressions of Topo-II (P > 0.99) ( Figure S2b ). There were no significant differences in other cutoff values of Ki-67 (labeling indexes of 25%, 30%, 35%, and 40%) between patients with low and high expressions of Topo-II (P > 0.99).
Treatment efficacy
Among the 44 patients, the response rate to amrubicin treatment were 9.1%. The overall response rates to amrubicin treatment in patients with high and low Topo-II expression were 15.4% and 6.5%, respectively. There was no significant difference in the overall response to amrubicin treatment between patients with low and high expression of Topo-II, respectively (P = 0.57).
Survival analysis according to level of Topo-II expression
The median PFS and OS were 1.8 and 8.8 months, respectively. There was no significant difference in PFS between patients with low and high expressions of Topo-II (Fig 2a) . Patients with a low expression of Topo-II had a significantly longer OS than did those with a high expression of Topo-II (Fig 2b) . Patients with an EGFR mutation showed no significant differences in PFS and OS compared to those with wild-type EGFR or an unknown EGFR mutation status (PFS 0.8 vs. 1.8 months, HR = 1.96, P = 0.05; OS, 7.2 vs. 10.9 months, HR = 0.99, P = 0.97, respectively) (Fig 2c,d) .
Univariate and multivariate analyses of PFS and OS
Univariate analysis showed that a good performance status (defined as a performance status of 0), higher number of regimens before amrubicin, and response to amrubicin were all significantly associated with prolonged PFS (Table 3 ). Univariate analysis also showed that good performance status, stage IIIA/IIIB disease, and low expression of Topo-II were all significantly associated with prolonged OS (Table 4 ). According to the results of the univariate log-rank test, we screened variables with a cutoff of P < 0.05 in the multivariate analysis. Multivariate analysis confirmed that higher number of regimens before amrubicin, and response to amrubicin were independent prognostic factors associated with a prolonged PFS ( Table 5 ). Good performance status and low expression of Topo-II were identified as independent factors associated with prolonged OS in the multivariate analysis (Table 6 ). 
Discussion
To the best of our knowledge, this is the first study to assess the relationship between Topo-II expression and the efficacy of amrubicin in NSCLC. We found that high Topo-II expression was an independent factor for reduced OS in patients with advanced NSCLC receiving amrubicin. Consistent with our observation, high Topo-II expression has previously been shown to be significantly related to reduced OS in various cancers including urinary bladder carcinoma, breast cancer, gallbladder carcinoma, ovarian cancer, hepatocellular carcinoma, Hodgkin's lymphoma and prostate cancer. 11, [27] [28] [29] [30] [31] [32] In an in vitro study, the expression levels of Topo-IIα were found to be closely related to tumor cell proliferation and aggression. 18, 19 Furthermore, previous studies showed that Topo-IIα overexpression was correlated with an aggressive form of breast cancer in aspects such as tumor grade, advanced stage, and lymph node metastasis. 11, 33, 34 Biesaga et al. reported that Topo-II overexpression was correlated with hormone receptor negativity, CK5/6 expression, higher proliferation rate, and was most frequently found in basal-like tumors, and thus a high stage of tumor aggressiveness. 13 Therefore, a high Topo-II expression may contribute to a tumor-aggressive phenotype, resulting in an unfavorable clinical outcome in NSCLC.
In our previous study, SCLC patients with a high expression of Topo-II receiving amrubicin had significantly longer PFS and OS than did those with a low expression of Topo-II. 14 In agreement with this observation, previous studies reported that high Topo-II activity was associated with sensitivity to Topo-II inhibitors, including doxorubicin and etoposide, in human lung cancer cell lines. 35, 36 A relationship between elevated Topo-II expression and increased sensitivity to anthracycline-based chemotherapy agents such as etoposide, doxorubicin, and mitoxantrone was also observed in breast cancer. [37] [38] [39] Thus, it is likely that Topo-II overexpression predicts an increased sensitivity to Topo-II inhibitors. However, there was no significant association between Topo-II expression and chemosensitivity to amrubicin in NSCLC in this study. Notably, several lines of evidence indicate lower activity of Topo-II in NSCLC compared with that in SCLC. 35, 40, 41 In fact, the frequency of undetectable or weak Topo-II expression (a score < 3) was higher in NSCLC tumors than in SCLC tumors in our previous study. 14 Therefore, chemosensitivity to amrubicin may be less dependent on Topo-II expression in NSCLC compared with SCLC. Considering that elevated Topo-II expression has been associated with an aggressive tumor phenotype and worse clinical outcomes in several human cancers, Topo-II expression may serve as a prognostic marker, rather than a predictive marker, for amrubicin therapy in NSCLC.
On the other hand, Topo-II may play opposite roles in NSCLC and SCLC. Topo-II has multiple roles in diverse biological contexts and the biological functions are modulated by a variety of protein-protein interactions, 42, 43 suggesting that the function of Topo-II may change depending on the cellular context. The difference in the function of Topo-II may result in discrepancies in the efficacy of amrubicin according to Topo-II expression in NSCLC and SCLC. Further studies are needed to clarify the functional roles of Topo-II in NSCLC and SCLC.
In our study, patients with high and low expression of Ki-67 showed no significant differences in overall response rates (8.7% vs. 9.5%, P > 0.99) or disease control rates (69.6% vs. 76.2%, P = 0.74) of amrubicin treatment. In our study, no significant difference was observed in the Ki-67 labeling index between patients with low and high expression of Topo-II (Table 2, Figure S2b ). No significant Patients with decreased expression of topoisomerase-II had a significantly longer OS than those with increased expression of topoisomerase-II (12.7 and 6.6 months, HR 0.47, P = 0.02). Topo-II: high, low. (c) Kaplan-Meier curves for progression-free survival (PFS) with amrubicin according to EGFR mutation status. Patients with an EGFR mutation had no significantly difference PFS than those with wild-type EGFR or with an unknown EGFR mutation status (0.8 months and 1.8 months, HR 1.96, P = 0.05). (d) Kaplan-Meier curves for overall survival (OS) with amrubicin according to EGFR mutation status. Patients with an EGFR mutation had no significantly difference OS than those with wild-type EGFR or with an unknown EGFR mutation status (7.2 months and 10.9 months, HR 0.99, P = 0.97).
EGFR mutation, wild-type, unknown.
Thoracic Cancer 11 (2020) 426-435 difference was found even when we modified the various cutoff values to those used in previous studies. Further studies are needed to clarify the association between Ki-67 and Topo-II in NSCLC.
Our study had some limitations. First, the sample size was small which may have introduced bias into our results. Second, the EGFR mutation statuses of tumors may have influenced our results. A marginally significant difference in the PFS was detected between patients with different EGFR mutation statuses; thus, the EGFR mutation status may be a prognostic factor. However, there was no significant difference in the EGFR mutation status between patients with low and high expression of Topo-II (Fig 2c) . Moreover, no significant difference in the OS was detected between patients with different EGFR mutation statuses (Fig 2d) . Therefore, EGFR mutation status did not appear to influence our results. Third, the post-chemotherapy treatment after amrubicin therapy may have influenced our results. A total of 27 patients (87%) with low Topo-II expression and 10 patients (77%) with high Topo-II expression received post-chemotherapy agents after amrubicin therapy. As shown in Table S2 , the number of regimens trend with more the group of low Topo-II expression than high Topo-II expression, but no significant difference was detected according to the level of expression of Topo-II. Fourth, there is a possibility that the expression of Topo-II varies according to chemotherapy before amrubicin. However, rebiopsy at the time of the recurrence is difficult in the case of lung cancer. Future studies using rebiopsy specimens will be necessary if possible. Finally, the overall response rate was too low to assess the relationship between Topo-II expression and the efficacy of amrubicin in NSCLC. Therefore, a larger sample size will be required for further analysis. In conclusion, low Topo-II expression is an independent prognostic factor for longer survival among patients with advanced NSCLC treated with amrubicin. Topo-II may be a promising marker for predicting patients' outcomes following the administration of amrubicin as a Topo-II inhibitor. 
